Morphine (1) and codeine (2) are two representatives of medically important, frequently used natural opiates, therefore the exploration of their metabolic pathways and the exact characterization of the metabolites are main targets of their pharmacological studies. These morphinans also play a crucial role in drug abuse; therefore, the analysis and preparation of the metabolites for identification and quantitation in human samples are considered important aims. In order to allow the in-depth analysis of metabolites derived from the oxidative pathways through morphinone (3) and codeinone (4), synthetic procedures have been elaborated for the gram-scale preparation of glutathione and N-acetylcysteine adducts. Primary pharmacological studies revealed the inactive nature of these metabolites in opioid receptor binding tests.
Introduction
The eclucidation of the exact mechanism of metabolic pathways of morphine (1) and related opioid analgesics is a major goal of medicinal pharmacology, as these compounds still represent the first-choice medications in the management of cancer-related and post-operative pain [1] .
The metabolism of morphine (1) has been studied in several mammalian species, and its detoxication pathway is thought to be through 3-glucoronide formation [2] . However, it was revealed by excretion studies that most of the administered opioid was excreted as conjugates of partially known structure and quantity. the presence and importance of glutathione (HSG) and cysteine (CYS) adducts of morphinone (3), a well-known primary metabolite of morphine (1). The same metabolic pathway was confirmed for codeine (2), a potent and established antitussive agent [4] throughout the formation of codeinone (4) [5] .
In brief, morphine (1) and codeine (2) are transformed to morphinone (3) and codeinone (4) in the liver by the respective dehydrogenase enzymes. Compounds 3 and 4 are known as efficient Michael acceptors therefore they are able to form adducts 5 and 6, respectively, with glutathione [6] . This is the general detoxication pathway for morphinone (3) and codeinone (4), which are 9-and 30-times more toxic than parent molecules 1 and 2, respectively. The body, however, is unable to excrete glutathione adducts; instead, compounds 5 and 6 are further metabolized to N-acetyl-cysteine conjugates 7 and 8.
Adducts 5-8 were isolated in small amounts by HPLC and characterized by NMR and MS, however
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First synthesis of important secondary oxidative metabolites of morphine and codeine with the Michael addition detailed physical and biological studies have not been possible. Accordingly, we schemed and elaborated synthetic routes for the preparation of these important metabolites in gram-scales. Besides the previously mentioned physical and biological studies and further pharmacological investigations these metabolites could be important in the fight against drug abuse based on for example the fact that direct quantitative relation was revealed between the administered amount of opiate and its oxidative N-acetyl-cysteine conjugate in excretion samples by Ishida et al. [5a] . This and similar observations may find application in the determination of the exposure time to the abused drug and the route of administration.
Experimental procedure
Melting points were determined with a Kofler hotstage apparatus and are uncorrected. Thin layer chromatography was performed on pre-coated Merck 5554 Kieselgel 60 F254 foils. The spots were visualized with Dragendorff's reagent. 1 H and 13 C NMR spectra were recorded on a Bruker Avance DRX 400 spectrometer, chemical shifts are reported in parts per million (δ) from internal TMS and coupling constants (J) are measured in hertz. High resolution mass spectral measurements were performed with a Bruker micrOTOF-Q instrument in the ESI mode. Optical rotation was determined with a Perkin-Elmer Model 241 polarimeter with a water-jacketed 10 cm cell and is given in units of
10
-1 deg cm 2 g -1 . IR spectra were recorded on PerkinElmer 16 PC FTIR spectrometer.
The MW-induced reactions were carried out in a Discover model microwave reactor manufactured by CEM Corporation. Controlled temperature, power, pressure and time settings were used for all reactions.
The coupling constant used to establish the necessary delay for the selection of the proton coupled to the carbon in the HSQC spectrum was 135 Hz, corresponding to a delay of 3.7 ms; the delay for the HMBC spectra was 70 ms corresponding to a long-range coupling constant of 7 Hz. 2D TOCSY spectrum was acquired with 70 ms spin-lock time using the standard microprogram of the XWINNMR program.
Synthesis of gluthatione adducts 6 and 5
In a pressurized glass vial equipped with a magnetic stirring bar under an atmosphere of argon codeinone•HCl (4HCl) or 3-OAc-morphinone (9) (2 mmol), gluthatione (610 mg, 2 mmol) were dissolved in 5%(w/w) NaHCO 3 solution (6 mL, degassed with argon before use to avoid disulfide formation). The vial was inserted into the microwave cavity of the CEM Discover microwave reactor, irradiated at the 60 o C target temperature in P max mode for 5 min hold time and subsequently cooled by rapid gas-jet cooling. The product mixture was allowed to cool to room temperature in the microwave cavity then removed and stirred under ambient condition for an additional 14 h. The pH of the mixture was set to 6 by 0.1 M HCl solution and extracted with EtOAc (3×15 mL). The organic layers were collected, washed 
Synthesis of heterocycle-fused codeinone analog 10
Codeinone (4) (297 mg, 1 mmol) and L-cysteine ethyl ester.HCl (550 mg, 3 mmol) was dissolved in 1,4-dioxane (10 mL). To the mixed solution 4 mL of 1M NaOH solution was added in one portion and stirred for 1 h at room temperature. The solution is evaporated to dryness under reduced pressure; the residue was diluted with distilled water (10 mL) and extracted with chloroform (3×8 mL). The organic layers were collected, dried over anhydrous MgSO 4 and evaporated to dryness. The white remaining gum was subjected to column chromatography (on SiO 2 stationary phase using CHCl 3 :CH 3 OH=4:1 as an eluent 
Synthesis of methyl esters of 8β-(Nacetylcysteine)-adducts 11 and 12
Codeinone (4) or 3-OAc-morphinone (9) (1 mmol) and 350 mg of N-acetyl-L-cysteine methyl ester were dissolved in 10 mL of acetonitrile. To the colourless solution 500 mg of NaHCO 3 (6 mmol) was given and stirred for 2.5 h at room temperature. The solution is evaporated to dryness under reduced pressure; the residue was diluted with distilled water (10 mL) and extracted with chloroform (3×8 mL). The organic layers were collected, dried over anhydrous MgSO 4 and evaporated to dryness. Residue 11 and 12 were found to be pure on the basis of subsequent spectral analyses.
S-[4,5-epoxy-3-hydroxy-17-methyl-6-oxomorphinan-(8S)-yl]-N-acetylcysteine methyl ester (12)
This procedure gave rise to 110 mg of compound 12 (21%) as colourless oil. This procedure gave rise to 240 mg of compound 11 (50%) as pale yellow oil. R f (CH 2 Cl 2 :CH 3 OH = 4:1)= 0. 
Hydrolysis of esters 11 and 12 to form 8β-(N-acetylcysteine)-adducts 13 and 14
A solution of compound 11 or 12 (0.5 mmol) in CH 3 OH:H 2 O=3:1 (10 mL) was treated with LiOH (156 mg, 3.71 mmol). The mixture was stirred overnight at room temperature and then its pH was set to 6 by 0.1 M HCl solution and extracted with EtOAc (3x15 mL). The organic layers were collected, washed with saturated NaCl solution, dried over anhydrous MgSO 4 , and evaporated. The residue was subjected to SiO 2 column chromatography. Elution with CHCl 3 :CH 3 OH=3:2 gave morphinans 13 and 14 as free bases, respectively.
S-[4,5-epoxy-3-hydroxy-17-methyl-6-oxomorphinan-(8S)-yl]-N-acetylcysteine (13)
This procedure gave rise to 161 mg of compound 13 (72%) as colourless oil. 
S-[4,5-epoxy-17-methyl-3-methoxy-6-oxomorphinan-(8S)-yl]-N-acetylcysteine (14)
This procedure gave rise to 175 mg of compound 14 (76%) as yellow oil. R f (CH 2 Cl 2 :CH 3 OH = 4:1)= 0.14; 
Computational procedure
We have carried out the geometry optimization at Becke's three parameter hybrid (B3LYP) [13] levels in the DFT with the basis set 6-31G* using Gaussian 03 [14].
Results and discussion

Synthesis of 8β-glutathione adducts
After searching the literature it was found that only a few Michael addition of glutathione were reported on α,β-unsaturated ketones. One of the most pertinent examples was published by Evans and his co-workers [7] describing the glutathione addition to cyclopentenones under divergent conditions. Codeinone (4) and 3-acetylmorphinone (9) were chosen as starting compounds as in the case of these derivatives the phenolic 3-OH is appropriately protected [8a and 8b, respectively]. Our initial reactions were based on Evans' conditions; however it was observed that there were solubility issues in the applied polar media (Scheme 2).
Codeinone (4) was suspended in acetone and an equimolar amount of glutathione solution prepared with distilled water was added slowly (Table 1) . The reaction was initiated with sonication/heating and microwave irradiation before stirring at room temperature. The expected product 6 was obtained in low yields, probably due to the poor solubility of the morphinan in the solvent mixture. Solvents were changed to the ethanol-buffer pH 7.4 combination, however no significant improvement was observed. The conversion of compound 4 to its hydrochloride salt form was found to be favourable, but acceptable yields were only achieved after turning the pH of the medium into more basic by applying 5% NaHCO 3 solution (pH~8.5). The microwave promotion provided compound 6 in somewhat higher yield. 3-Acetylmorphinone (9) has higher water solubility than codeinone (4), therefore the conditions optimized for compound 4 were also appropriate for the synthesis of glutathione adduct 5. Besides the expected Michaeladdition the deprotection of 3-hydroxyl function also took place resulting 8β-glutathionyl-dihydromorphinone (5) in average yield (48%). It must be stated that the thorough investigation of the crude product after every Michael addition showed the presence of only one type of product that was isolated, analyzed and identified as the 8β-substituted morphinan. This stereoselectivity, observed for every single Michael addition to the α,β-unsaturated ketone system of ring C of morphinans, is in accordance with the observations regarding the in vivo formation of metabolites [5, 6] and the synthesis of Michael adduct 8-substituted morphinans [9] . The reason for this is most probably the steric hindrance of the morphinan skeleton observed from the geometry of ring A. It is wellknown that the Michael addition is thermodynamically controlled; therefore the occurrence of 8β-derivatized products with lower enthalpy of formation is reasonable. A particularly informative theoretical investigation was presented by Ishida et al. in this context [5a] . The NMR and MS measurements for products 5 and 6 confirmed the expected conformation. The coupling constants between H8α-H14 (~5.5 Hz) and H7β-H8α (~2.5 Hz) were particularly informative.
Evans and co-workers investigated the possibility of thiol exchange under physiological conditions [7] . The glutathione adduct was successfully converted into cysteine adduct (in 63% yield) using excess N-Boccysteine methyl ester in pH 7.4 buffer. We adapted this procedure for product 5 using N-acetyl-L-cysteine methyl ester, but the formation of cysteine adduct 8 was detected only in traces. The reason for the lack of significant ratio of thiol exchange even in very long reaction times (96 h) could be the steric hindrance in the proximity of ring C of the morphinan skeleton in comparison to literature example, i.e., a β-substituted cyclopentanone adduct. The spatial orientation of 8β-glutathionyl-dihydrocodeinone (6) obtained by geometry optimization with density functional theory at the B3LYP/6-31G* level is presented in Fig. 1 confirming the probability of steric hindrance.
Synthesis of 8β-cysteine adducts
Due to the unsuccessful thiol exchange starting from glutathione derivatives it was necessary to establish a procedure for the synthesis of cysteine adducts. First, the reaction of codeinone (4) with the HCl salt of L-cysteine ethyl ester was studied (Scheme 3). In this case the highest yields were achieved in the 1,4-dioxane/1 M NaOH solvent mixture under mild conditions. Compound 4 and the cysteine ester were dissolved in dioxane and the NaOH solution was added in portions. After 1 hour of stirring at room temperature the reaction mixture was evaporated and the residue was subjected to column chromatography. The primary characterization of the main product revealed that the formation of the expected Michael adduct was followed by an intramolecular ring closure with the 6-keto functionality. The formation of this structurally unique 1,4-thiazepine-fused morphinan 10 was particularly exciting for us as it is a fundamental objective of our research group to reveal new strategies for the synthesis of potentially opioid active heterocyclefused morphinans [10] .
Therefore several spectroscopic techniques were applied to explore the exact structure of product 10, such as COSY, TOCSY, HSQC and 13 C HMBC. The double bond is positioned between C6-C7 and is not in exo-position related to the C-ring of the morphinan backbone.
The most important correlations were depicted in Fig. 2 .
The chemical shifts of protons were identified based on the unambiguous assignments of H10α and H10β ( Fig. 2; Panel A) . The presented structure of compound 10 was proven by the coupling between H7-H8α and H8α-H14 (COSY, TOCSY in Fig. 2; Panel A) ; the heteronuclear coupling between C7-NH and C5-NH ( Fig. 2; Panel B) ; the quaternary, noncarbonyl character of C6; the allyl couplings between H7-NH (COSY in Fig. 2 ; Panel C) and the homoallyl couplings between H5β-H8α (COSY, TOCSY in Fig. 2 ; Panel C). 
